Background
Macrophage accumulation enhances chronic inflammation in adipose tissue, but macrophage phenotypic change in human epicardial adipose tissue and its role in atherogenesis are unknown.
Methods
Samples were obtained from epicardial and subcutaneous adipose tissue during elective cardiac surgery (CAD, n ϭ 38; non-CAD, n ϭ 40). Infiltration of M1/M2 macrophages was investigated by immunohistochemical staining with antibodies against CD11c and CD206, respectively. Expression of pro-and anti-inflammatory adipocytokines in adipose tissue was evaluated by real-time quantitative polymerase chain reaction.
Results
Infiltration of macrophages and expression of pro-and anti-inflammatory cytokines were enhanced in epicardial fat of patients with CAD compared with that in non-CAD patients (p Ͻ 0.05). The ratio of M1/M2 macrophages was positively correlated with the severity of CAD (r ϭ 0.312, p ϭ 0.039). Furthermore, the expression of proinflammatory cytokines was positively correlated, and the expression of anti-inflammatory cytokines was negatively correlated with the ratio of M1/M2 macrophages in epicardial adipose tissue of CAD patients. By contrast, there was no significant difference in macrophage infiltration and cytokine expression in subcutaneous adipose tissue between the CAD and non-CAD groups.
Conclusions
The ratio of M1/M2 macrophages in epicardial adipose tissue of CAD patients is changed compared with that in non-CAD patients. Human coronary atherosclerosis is associated with macrophage polarization in epicardial adipose tissue. (J Am Coll Cardiol 2011;58:248-55) © 2011 by the American College of Cardiology Foundation Accumulating evidence suggests that adipose tissue not only stores energy but also secretes various bioactive substances called adipocytokines. It was reported that serum levels of pro-inflammatory cytokines are increased in overweight people with enhanced accumulation of visceral fat. Dysregulated secretion of adipocytokines is assumed to be critically involved in the pathogenesis of obesityassociated diseases (1) .
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The adventitial and peri-adventitial tissues are composed of various cell types, including adipocytes, vascular cells, macrophages, T cells, mast cells, and fibroblasts (2) (3) (4) . It was demonstrated that peri-adventitial adipose tissue releases a transferable adventitia-derived relaxing factor that acts by tyrosine kinase-dependent activation of potassium channels in vascular smooth muscle cells (5) . Recent reports showed that peri-adventitial fat secretes various chemokines and might contribute to the progression of obesityassociated atherosclerosis (6) . Epicardial adipose tissue (EAT) is located in close proximity to coronary arteries. Epicardial adipose tissue has been reported to be a source of inflammatory mediators (7) . It was also reported that EAT thickness is an indicator of cardiovascular risk (8) . Chatterjee et al. (9) reported that perivascular adipocytes exhibit reduced differentiation and a pro-inflammatory state, suggesting that dysfunction of perivascular adipose tissue induced by fat feeding might link metabolic signals to inflammation in the blood vessel wall. These results suggest that perivascular fat, particularly EAT, might play a role in increased risk of cardiovascular disease in obese individuals. However, the physiological and/or pathological role of perivascular adipose tissue in the maintenance of vascular homeostasis and in pathological vascular remodeling remains to be elucidated.
Recent studies suggest that adipose tissue macrophages play a pivotal role in the establishment of the chronic inflammatory state associated with obesity-linked diseases, such as type 2 diabetes and atherosclerosis (10) . Furthermore, adipose tissue macrophages can exist in different activation states: either pro-inflammatory classically activated by interferon-gamma or lipopolysaccharide, known as M1; or anti-inflammatory alternatively activated by interleukin (IL)-13 or IL-4, known as M2. The M1-and M2-activated macrophages fulfill different functions through production of pro-or anti-inflammatory factors (11), depending on microenvironmental stimuli. The M1 macrophages are potent effecter cells that kill microorganisms and produce primarily pro-inflammatory cytokines, such as tumor necrosis factor (TNF)-␣, IL-6, and monocyte chemotactic protein (MCP)-1 (12, 13) . In contrast, M2 macrophages dampen these inflammatory and adaptive Th1 responses by producing anti-inflammatory factors-such as IL-10, transforming growth factor-␤, and alternative macrophage activation-associated CC chemokine (AMAC)-1-scavenging debris, and promoting angiogenesis, tissue remodeling, and repair (12, 13) . Thus, inflammatory diseases such as atherosclerosis might be caused not only by a sustained pro-inflammatory reaction but also by failure of anti-inflammatory regulatory mechanisms.
Recently, Lumeng et al. (14) used CD11c as an M1 marker in flow cytometric analysis and reported that dietinduced obesity leads to a shift in the activation state of adipose tissue macrophages from an M2-polarized state to an M1 pro-inflammatory state that contributes to insulin resistance. Bourlier et al. (15) reported that macrophages in human subcutaneous fat that accumulated with fat mass development exhibit a particular M2 phenotype, with CD206 as a M2-macrophage marker. However, the relationship between M1/M2 macrophage polarization in adipose tissue, especially in EAT, and vascular remodeling remains to be elucidated.
To further characterize the phenotype of macrophages in EAT, we evaluated cell surface markers and cytokine expression in epicardial and subcutaneous adipose tissue (SCAT) obtained during cardiac surgery from patients with or without coronary artery disease (CAD). Our findings suggested that pro-inflammatory M1 macrophages are increased and anti-inflammatory M2 macrophages are decreased in EAT in patients with CAD.
Methods
Study population. The protocol of this study was approved by the institutional review boards of the University of Tokushima Hospital and Sakakibara Heart Institute. Samples were obtained from 38 patients who underwent elective coronary artery bypass graft surgery (CAD group) and 40 patients who underwent surgery for aortic or mitral valve replacement (non-CAD group). Written informed consent was obtained from each patient. The clinical characteristics of patients and laboratory measurements are summarized in Tables 1 and 2 . At the beginning of the surgical intervention, EAT was taken from the anterior wall of the left ventricle. Subcutaneous adipose tissue was taken from the subcutaneous fat on the sternum. Immunohistochemical staining. Each adipose tissue sample was cut into 2 pieces. One-half of the sample was fixed in formalin and embedded in paraffin. Antigen retrieval was performed in Tris-ethylenediaminetetraacetic acid buffer (pH 9.0) with a microwave oven for 10 min. Immunohistochemical staining of 5-m-thick thin sections was performed with primary antibodies against CD11c (1:100, clone EP1347Y, Abcam, Cambridge, Massachusetts), CD206 (1:1,500, clone 5C11, Abnova, Taipei, Taiwan), and CD68 (1:100, clone KP-1, Dako, Glostrup, Denmark) followed by ) . The following primers were used: 5=-AAGCCAGAGCTGTGCAGATGAGTA-3= and 5=-TGTCCTGCAGCCACTGGTTC-3= for IL-6, 5 = -G A C A A G C C T G T A G C C C A T G T T G T A -3 = and 5=-CAGCCTTGGCCCTTGAAGA-3= for TNF-␣, 5=-CGCTCAGCCAGATGCAATCA-3= and 5=-TGTGGCCAAGGAGATCTGTG-3= for MCP-1, 5=-GAGATGCCTTCAGCAGAGTGAAGA-3= and 5=-AGGCTTGGCAACCCAGGTAAC-3= for IL-10, 5=-AAGAGCTCTGCTGCCTCGTCTA-3= and 5=-CCCTCAGGCATTCAGCTTCA-3= for AMAC1, and 5=-GCCCTGAGGCACTCTTCCA-3= and 5=-GCG-GATGTCCACGTCACA-3= for ␤-actin. Data were analyzed with the ⌬⌬CT method. Relative gene expression was normalized to ␤-actin level. Gensini score. To assess the severity of CAD, we used the Gensini scoring system (16 
Results

Patient characteristics.
Patient characteristics are summarized in Table 1 . There was no significant difference in age, body mass index, waist circumference, and blood pressure between the CAD group and the non-CAD group. The majority of patients in the CAD group were male (84.2%) and had multivessel CAD (97.4%) with a high prevalence of dyslipidemia (73.7%) and diabetes mellitus (44.7%). Table 2 summarizes the laboratory values for serum lipid profile and inflammatory biomarkers. In the lipid profile, low-density and high-density lipoprotein cholesterol levels were significantly lower in the CAD group than in the non-CAD group (p Ͻ 0.001, respectively), presumably due to the higher morbidity of dyslipidemia and statin treatment in the CAD group. Hemoglobin A1c was also significantly higher in the CAD group. As for medication, ␤-blockers and statins were more frequently administered in the CAD group than in the non-CAD group. Macrophage infiltration in EAT and SCAT. The number of infiltrating macrophages in EAT as determined by anti-CD68 immunostaining was significantly larger in the CAD group than in the non-CAD group. Interestingly, the number of not only M1 macrophages but also M2 macrophages was significantly larger in EAT in the CAD group, as determined by immunohistochemical staining against CD11c and CD206, respectively (Fig. 1) . A doubleimmunofluorescent study against CD11c and CD68 for M1 macrophage or against CD206 and CD68 for M2 macrophages revealed that all of the CD11c-positive cells or CD206-positive cells were also positive for CD68 (Online Fig. 1) . In other words, there was no CD11c(ϩ)CD68(Ϫ) cell or CD206(ϩ)CD68(Ϫ) cell in adipose tissues of our study. These results support our definition that CD11c acts as a marker of M1 macrophages and CD206 acts as a marker for M2 macrophages. The ratio of CD11c/CD68-positive cells was significantly increased, and the ratio of CD206/CD68-positive cells was significantly decreased in EAT in the CAD group ( Fig. 2A) . By contrast, there was no significant difference in the number of macrophages in SCAT between the 2 groups. These data indicate that M1 macrophages were relatively increased and M2 macrophages were relatively decreased in EAT in the CAD group. Then we assessed the ratio of CD11c/CD206-positive cells, as a marker of macrophage polarization, in the 2 groups. Intriguingly, the CD11c/CD206 ratio was significantly higher in EAT in the CAD group compared with that in the non-CAD group, which might reflect a "shift" of macrophages from a resting state toward an inflammatory state (Fig. 2B) . Next, to evaluate the relation between macrophage polarization in EAT and the severity of CAD, we investigated the correlation between Gensini score and the number of infiltrating cells in EAT of CAD patients (Fig. 2C) . The ratio of CD11c/CD206-positive cells was positively correlated with the Gensini score (r ϭ 0.312, p ϭ 0.035). These data suggest that macrophage infiltration in EAT is not a simple indicator of the inflammatory state in EAT and that the ratio of M1/M2 macrophages in EAT might be associated with enhanced coronary artery atherosclerosis. Expression of M1/M2 cytokines in EAT and SCAT. We evaluated messenger ribonucleic acid expression of adipocytokines in EAT and SCAT. The IL-6, TNF-␣, and MCP-1, pro-inflammatory cytokines secreted by M1-macrophages, were upregulated in EAT in the CAD group compared with those in the non-CAD group (Fig. 3A) . These differences were not observed between the 2 groups in SCAT. Furthermore, IL-10 and AMAC1, antiinflammatory cytokines secreted by M2-macrophages, were also upregulated in EAT in the CAD group compared with those in the non-CAD group (Fig. 3B) . These data indicate that both pro-and anti-inflammatory cytokines in EAT were relatively upregulated in the CAD group compared with those in the non-CAD group. Relationship between expression of M1/M2 cytokines and polarization of infiltrating macrophages. To examine the relationship between the expression of cytokines and the polarization of infiltrating macrophages, we investigated the correlation between the number of infiltrating macrophages in EAT in the CAD group and the expression of cytokines. First, expression levels of IL-6, TNF-␣, and MCP-1 were positively correlated with the ratio of CD11c/CD206-positive cells (Fig. 4A) . Moreover, expression levels of IL-10 and AMAC1 were negatively correlated with the ratio of CD11c/CD206-positive cells (Fig. 4B) . These data suggest that the polarization of infiltrating macrophages influences the expression of pro-and anti-inflammatory cytokines in the EAT of CAD patients.
Pro-inflammatory cytokine levels had positive correlation with Gensini score, and anti-inflammatory cytokines had negative correlation with Gensini score (Online Fig. 2) . It is assumed that there are many inherent confounding factors that influence macrophage polarization, cytokine profile, and CAD severity. Adiponectin expression in EAT of the CAD group was relatively low compared with that in EAT Hirata et al. July 12, 2011:248-55 Macrophage Polarization in Epicardial Fat of the non-CAD group (Online Fig. 3A) . The difference was not statistically significant. Adiponectin expression in SCAT of CAD patients was also decreased compared with that in SCAT of non-CAD patients. In other words, the lower adiponectin expression in CAD patients was not specific to epicardial adipose tissue. Adiponectin expression in EAT seemed to be negatively correlated with the M1/M2 ratio in CAD patients, but the correlation was not statistically significant (Online Fig. 3B ).
Discussion
In this study, we found that infiltration of macrophages and expression of pro-and anti-inflammatory cytokines were enhanced in the epicardial fat of patients with CAD, compared with those in non-CAD patients. Furthermore, the expression of pro-inflammatory cytokines was positively correlated and the expression of anti-inflammatory cytokines was negatively correlated with the ratio of M1/M2 macrophages in EAT in the CAD group. By contrast, there was no significant difference in macrophage infiltration and cytokine expression in SCAT between the CAD and non-CAD groups. Atherosclerosis has been recognized to be a chronic inflammatory disease (17) (18) (19) (20) (21) (22) . Most of the previous studies focused on inflammatory changes in the vessel wall. However, few studies have investigated the relationship between atherosclerosis and perivascular adipose tissue inflammation. The human coronary arteries are surrounded by abundant EAT. In contrast to visceral fat, little attention has been paid to the role of EAT in the pathogenesis of CAD. Payne et al. (23) reported that EAT impaired endothelial-dependent vasodilation to bradykinin in swine with metabolic syndrome but not in lean animals. Greif et al. (24) reported that fat depots localized around the heart are highly variable and that an elevated pericardial adipose tissue volume was associated with coronary atherosclerosis. It was also reported that epicardial fat in patients who are candidates for coronary artery bypass graft surgery seems to be more inflammatory than the subcutaneous fat located in the legs of the same patients (7). However, to confirm the hypothesis that an inflammatory state of epicardial fat could lead to aggravation of vascular inflammation and coronary atherosclerosis, EAT in CAD patients should be compared with that in non-CAD patients. Here, we characterized the infiltrating macrophages in EAT of patients with or without CAD. It is reported that the number of macrophages infiltrating into adipose tissue is increased in obesity (25) . Recent reports suggest that a vicious cycle between infiltrating macrophages and adipocytes augments the inflammatory response in adipose tissue in obesity (26) . Adipose tissue macrophages consist of at least 2 different phenotypes; classically activated M1 macrophages and alternatively activated M2 macrophages. Lumeng et al. (14) reported that diet-induced obesity leads to a "shift" in the activation state of adipose tissue macrophages from an M2-polarized state to an M1 proinflammatory state, contributing to insulin resistance. Furthermore, it was reported that adiponectin, a major adipocytokine, functions as a regulator of macrophage polarization (27) . Conditions of high adiponectin expression might deter metabolic and cardiovascular disease progression by favoring an anti-inflammatory phenotype in macrophages (28) . The most important finding in this study is that the ratio of M1/M2 macrophages was positively correlated with the severity of CAD (Fig. 2B) . This finding suggests that the most important factor for the inflammatory state of EAT could be not the number of infiltrating macrophages but the macrophage polarity in EAT. The present report showed a phenotype switch of M1/M2 macrophages in epicardial fat of CAD patients, which might potentially influence the inflammatory status of EAT and the pathogenesis of coronary atherosclerosis. Study limitations. Our sample size is small, and patient selection bias is likely present. This study is based on 2 methodologies: counting of immunohistochemically stained macrophages in the adipose tissue, and the use of real-time quantitative polymerase chain reaction to quantitate the expression of carious cytokines. We acknowledge that flow cytometry is more suitable for the evaluation of macrophage infiltration in EAT. Although we tried the isolation of macrophages from adipose tissue with collagenase in the preliminary study, we could not obtain enough adipose tissue to perform flow cytometry. On the basis of the large number of previous studies (14,25,29) , we believe that immunohistochemical study enables us to estimate macro- 
